A structure model for the Ge(111)-(4×4)-Ag surface is proposed. The model was derived by applying direct methods to surface X-ray diffraction data. It is a missing top layer reconstruction with six Ag atoms placed on Ge substitutional sites in one triangular subunit of the surface unit cell. A ring-like assembly containing nine Ge atoms is found in the other triangular subunit. The stability of the ring assembly may be due to Ge-Ge double bond formation. Trimers of Ge atoms, similar to the trimers found on the Ge(111)-(ǰ3×ǰ3)R30°-Ag surface, are placed in the corners of the unit cell.
Introduction
only the (ǰ3×ǰ3)R30°is known. It has the honeycomb-chained trimer (HCT ) structure [2] [3] [4] , where the top layer of Ge-atoms are missing Over the last decade there has been a great effort and the remaining Ge-atoms in the outermost trying to understand the atomic geometry of metalbilayer form trimers which are surrounded by Ag induced reconstructions on elemental semiconducatoms, is similar to the structure of the tor surfaces. An example of such a system is Ag Si(111)-(ǰ3×ǰ3)R30°-Ag surface [5, 6 ] . The on the Ge(111) surface. At low coverages ca (3×1) reconstruction has only been seen as small 0.3 monolayers (ML), (4×4) and (3×1) strucinsets between (4×4) domains and domains of the tures are formed. Around 1 ML a (ǰ3×ǰ3) R30°n ative Ge(111)-c(2×8) reconstruction. Its strucstructure appears, and finally at coverages >1 ML ture may be similar to the Si(111)-(3×1)-Ag the (ǰ3×ǰ3)R30°structure transforms into a structure [7, 8, 19 ] which was solved very recently (6×6) reconstruction [1] . Of these four structures, [10] [11] [12] . In this paper we will focus on the (4×4) struc-scanning tunneling microscopy (STM ) and photoGe(111)-(4×4)-Ag surface [15] . This allowed us to solve the structure. The basic ingredients in the electron spectroscopy, but little is known about structure are the six Ag atoms situated in a MTL the atomic geometry. The coverage of Ag has been reconstruction in one half of the unit cell. Ge determined to be around 0.3 ML [13] , and high trimers, similar to the Ge-trimers at the resolution core level photoelectron spectroscopy (ǰ3×ǰ3)R30°structure are found in the corners shows that all Ag atoms sit in nearly the same site of the unit cell. The Ag free part of the unit cell [3] . Furthermore, the binding energy of the Ag shows a major restructuring of the Ge bilayer. atoms does not change as the (ǰ3×ǰ3)R30°r econstruction is formed, suggesting that the Ag site in the two structures is similar [3] . STM images show that the unit cell is composed of two 2. Experimental triangular subunits with widely varying images depending on the tip bias [4, 8, 9, 14] . While
The Ge(111) crystals were cleaned by repeated imaging the filled states, six protrusions are seen cycles of sputtering and annealing at 650°C for a in one of the triangular subunits. A comparison few minutes until a sharp c(2×8) low energy with neighboring c(2×8) domains reveals that the electron diffraction (LEED) pattern was obtained. protrusions are located in top sites of the underSilver was deposited from a Knudsen cell onto the lying Ge lattice. This is an unusual site, and sample at 400°C. The surface was inspected by suggests a (at least partial ) missing top layer LEED and reflection high energy electron diffrac-(MTL) type of reconstruction, which would agree tion (RHEED) to verify that a uniform (4×4) with STM studies of the terrace heights between structure was present on the surface. Furthermore, neighboring (4×4) and (ǰ3×ǰ3)R30°domains the surfaces were thoroughly examined by STM [9] . The empty state images display three protruin order to assure the existence of a highly ordered sions in the other triangular subunit which have structure. The STM images were similar to previbeen attributed to three Ge adatoms, similar to ous images from the literature. The sample was the adatoms on the c(2×8) surface. However, the thereafter transferred into a portable ultrahigh (4×4) unit cell is large which hampers structural vacuum ( UHV ) chamber that was mounted on verification. In fact, it was impossible to verify the the X-ray diffractometer. structure with a strong crystallographic tool like Two sets of X-ray diffraction data were measurface X-ray diffraction, and it was not possible sured. The first set was taken at the wiggler beamto suggest an alternative structure [3, 15] .
line W1 at the Hamburger Synchrotron Radiation In a diffraction experiment only the amplitudes laboratory (HASYLAB) at an X-ray wavelength and not the phases of the reflections are deterof 1.40 Å . The sample was aligned on the optical mined, and this prevents a direct Fourier inversion surface such that the angle of incidence was kept of the data. With the measured amplitudes alone, constant throughout the measurements. In order contours plots of the Patterson function can be to maximize the intensity, the angle of incidence obtained providing interatomic vector informawas set to the angle for total external reflection tion, which in the present case was not sufficient [24] . The active area on the sample was defined to make a valid trial structure [15] . Phasing of by a 1 mm slit in front of the sample and a 1.5 mm structure factors, known as direct methods [16 ] , slit on the detector arm directly after the sample. has been used for many years in conventional A position sensitive detector with a 0.6°acceptance three-dimensional bulk crystallography. Recently, angle in the surface plane and 2.8°perpendicular direct methods have been successfully applied to to that plane was used to measure the intensities two-dimensional X-ray diffraction and transmisof the reflections. Integrated intensities were measion electron diffraction data sets [10, [17] [18] [19] [20] [21] [22] [23] . In sured by rocking scans (v-scans) around the surthis paper, we applied these methods on X-ray face normal. A total of 107 integrated intensities of in-plane, fractional-order reflections were diffraction data obtained previously on the obtained. The structure factor intensities were figures of merit are used to create maps of the electron density through inverse Fourier transobtained by correcting the measured intensities with a Lorentz factor, for variations in the active forms of the measured amplitudes. For an introduction to modern direct methods the reader is area [24] . The intensities were averaged by symmetry to obtain a set of 64 structure factor intensities referred to Ref. [16 ] . The details of the phasing procedure adapted to two dimensional surface from non-equivalent reflections. The uncertainties were estimated from the reproducibility between data (as in this study) have been described elsewhere [17, 18] , and a brief description of the unique the strong symmetry-equivalent reflections. The reproducibility was about 13%. The second data features of the approach we use is given in Appendix A. set was taken at beamline BW2 using an X-ray wavelength of 1.24 Å . Here a total of 112 integBefore one can apply direct methods to diffraction data, an assumption about the unknown rated intensities of in-plane, fractional order reflections were obtained, out of which 71 were structure's symmetry must be made. STM images from the Ge(111)-(4×4)-Ag surface [4, 8, 9 ,14] non-equivalent. The reflections are indexed with respect to the (4×4) surface unit.
belong to the p3m1 plane group. While slight deviations from p3m1 symmetry could go undetected by STM, the deviations would have to be minor and would not significantly alter the phasing 3. Analysis results. The 14 beams forming the previously mentioned basis set for the phasing analysis are shown As mentioned above, the traditional approach based on finding the interatomic vectors in the in Table 1 along with their measured amplitudes and the limits placed on their phases for each of contour map of the Patterson function does not provide a useful route for structure determination.
the two data sets. With p3m1 symmetry, beams Instead we used direct methods. Direct methods exploit probability relationships which exist Table 1 between the amplitudes and the phases of the probability relationships are satisfied. Each new basis set one begins with can lead to a distinct
The measured amplitudes for the second data set have been scaled to the first, and their absolute magnitudes are arbitrary.
final set of phases with its own figure of merit. By
The phase of (7, 7) was fixed at 360°through sigma-1 relationsearching through all of the possible starting basis ships. The phases of all other reflections were varied within the sets (e.g. in a grid pattern, randomly, or with a ranges shown. The limits on (5, 2) and (4, 3) were used to define global optimization algorithm) one can pick out an orgin and to select an enantiomorph.The phases of (5, 2) the final sets of phases giving the lowest figures of and (4, 3) were varied in steps of 60°and 30°, respectively, while all other phases were varied in steps of 45°.
merit. Only those solution sets with the lowest belonging to the class of reflections (n, n), where n is any integer, have a phase of either 0°or 180°. Based on sigma-1 relationships [25] with the (4, 3) and (5, 2) beams, the (7, 7) beam was assigned a phase of 0°. Origin definition and enantiomorph selection were achieved by restricting the ranges of the phases of the (4, 3) and the (5, 2) reflections. The phases of the beams in the basis set were globally searched using a genetic algorithm optimized to find different local minima, each corresponding to a plausible solution with a low figure of merit [18] . The 20 best sets of phases (giving the lowest figures of merit at the end of the phasing process) were used to generate electron density maps. All of the maps showed the same basic structure with only minor variations. Fig. 1 shows typical maps for each data set. Since the data used in this study were purely two-dimensional, the electron density maps are projections of the (4×4) structure onto a plane parallel to the Ge surface. The position of atomic sites in the direction normal to the Ge surface must be inferred from bond length arguments. While the relative intensities of the peaks seen in Fig. 1 changed from map to map within the top 20 phasing solutions, the positions of the peaks were always the same. The site arrowed in an artifact due to noise in the data were both considered in the subsequent analysis. However, each non-arrowed site in Fig. 1 
appeared in all 20
R-factor defined as: maps and was considered to correspond to either a Ge or a Ag atom site.
To determine which of the sites revealed through R¬
(1) the phasing analysis correspond to Ge atoms and which to Ag, we used the conventional method of comparing the measured diffraction intensities with where I meas is a measured intensity, I calc is the intensities kinematically simulated from possible simulated intensity, and N is the total number of models. Allowing for a silver coverage between measured reflections. Also a reduced x value was 1/4 and 5/8 ML we considered models with four calculated: and ten sites in each unit cell occupied by Ag atoms and the remaining sites filled with Ge. The x¬ 1
agreement between the measured and simulated intensities was quantified using two different parameters for each model. We used a standard where M is the number of variables in the refine-ment and s j is the uncertainty in the jth measured intensity. Refinements using the R-factor are insensitive to the weaker reflections in a data set since the weak reflections do not contribute significantly to the sums in Eq. (1). Therefore, in an R-factor fit the largest measured intensities will match the simulated intensities within unrealistically small percentage errors at the expense of a reasonable match for the weakest reflections. The x value provides a more appealing distribution of fitting errors by normalizing each term in the sum by an estimated error. All of the refinements discussed in this paper were done twice -once employing a x value and once using an R-factor. While the numbers listed in the tables and used to make the figures are exclusively from the x refinements, we quote the R-factor along with the x value obtained from each model for reference, since the R-factor is a widely used test. We favor the x value over the more common x2 value because it is a more robust measure of agreement less sensitive to deviations from the ideal situation of perfectly gaussian- As an initial refinement step we did not place was not prominent. Assuming that all of the phasing analysis sites represent atoms in the top surface layer, we also added a complete double
The simulated diffraction intensities are very layer of Ge atoms to each model to simulate sensitive to the number and location of surface relaxations extending into the bulk. Accordingly, atoms, so the basic structure seen in Fig. 2 (ignorthe three possible registries between the surface ing distinctions between Ag and Ge atoms) can be layer and the relaxed bulk double layer were accepted with a high degree of confidence. investigated for each different distribution of Ge However, the atomic numbers of Ag and Ge are and Ag atoms among the surface sites. All refinenot too far apart (47 and 32, respectively), so the ments of the atom positions were done within the diffraction data in this study afford relatively weak p3m1 plane group. Two Debye-Waller factors sensitivity to chemical species. For example, a were included in the refinement, one for the surface model in which the six nearest surface sites surGe and one for the Ag. The Debye-Waller factor rounding the trimers at the corners of the (4×4) for the relaxed double layer was set at the value unit cell are filled by Ag rather than Ge will refine for bulk Ge. Under these conditions, the best fit to a x value of 2.91 and an R-factor of 0.23. Other to the measured intensities was obtained with the distributions of Ag and Ge among the same surface model shown in Fig. 2 which yielded x=2.31 and sites yield x values and R-factors which are only R=0.21. Counting a scaling term, 21 variables slightly higher. Nevertheless, we can state that the were used in this fit for the 71 measured reflections positions of the atoms in this surface structure have been uniquely determined. In addition, the in data set 1. Fig. 3 . Fourier difference map calculated for the second data set using the model shown in Fig. 2 . Six contour levels were evenly spaced between half the maximum and the maximum electron density to highlight the strongest peaks. cantly change (the largest shift was 0.17 Å ), the fit was not as good for the second data set with x= 3.26 and R=0. 29 . To look for additional atom ables: an x and a y position for the new partially occupied Ag site, a variable for the occupancy of sites, a Fourier difference map was created and is shown in Fig. 3 . A strong peak in the difference the site, and a Debye-Waller factor for the site. A better fit was obtained with x=2.63 and R=0.13 map is seen at the location corresponding to the arrowed site in Fig. 1 . This suggests that the at an occupancy of 0.3 for the new Ag site. Using the new model for the first data set yielded x= arrowed site is not an artifact and is likely due to a partially occupied Ag site which has a higher 2.15 and R=0.14 with an occupancy of 0.2 for the Ag site. Finally, we fit both data sets together with occupancy for the second data set. The other strong peak seen in Fig. 3 is located slightly displaced a single set of values for all of the atomic positions and Debye-Waller factors. A separate occupancy from a site already occupied by Ge. We investigated the possibility that this site was Ag instead for the partial Ag site was refined for each data set. In the final fit, the occupancies refined to 0.27 of Ge, but a better fit to the intensities was not obtained. and 0.36 for the first and second data sets respectively yielding x=2.22 and R=0.18. The atomic Working with the hypothesis that the Ge(111)-(4×4)-Ag structure can accommodate a variable positions and Debye-Waller factors for this fit are shown in Table 2 . With a separate scaling factor range of Ag through a partially occupied site, we refined a new model with the second data set for each data set, 28 parameters were varied, and including both data sets gave a total of 137 meas- (Fig. 4) . The new model contained four new vari- The Wyckoff letter corresponds to the site symmetry. A Wyckoff letter of ''d'' indicates a site on a mirror plane and therefore the x and y positions are symmetry related and only one variable is used to describe the atom position. ''e'' is a general site and so both the x and the y values are independently refined varibles.''a'' and ''b'' are fixed sites lying on a three-fold axis and are not refined. The occupancy of the partial Ag site was fit with 0.27 for data set 1 and 0.36 for data set 2. Isotropic Debye-Waller factors (defined as B=8p2 u2 , where u2 is the mean square atomic displacement) were fit at 6.60 Å 2 for fully occupied Ag, 3.14 Å 2 for partially occupied Ag, 3.74 Å 2 for Ge in the surface layer, and 0.84 Å 2 for Ge in layers 1 and 2. (In pure bulk samples at 280 K, B=0.70 Å 2 for Ag and B=0.57Å 2 for Ge [26 ] .) urements. Fourier difference maps created from suggested that the Ge trimer serves as a common building block for the (4×4) structure as well. this final model for both data sets were essentially featureless with no well-resolved peaks.
Our proposed model supports this view. The Ge trimer with the three nearest neighboring Ag atoms found at the corners of the unit cell in Fig. 2 matches the basic structural unit of the 4. Discussion (ǰ3×ǰ3)R30°surface. The model is also in Three main features of the Ge(111)-(4×4)-Ag agreement with the high resolution core level structure will be reviewed in this section: similariphotoelectron spectroscopy results which suggested that all of the Ag atom are in nearly ties to the Ge(111)-(ǰ3×ǰ3)R30°-Ag surface, similarities to the Ge(111)-(3×1)-Ag surface, and identical sites, in both the (4×4) and the the nature of the partially occupied Ag site.
(ǰ3×ǰ3)R30°structures [3] . The Ag coverage Weitering and Carpinelli have already noted for the proposed (4×4) model is 3/8 ML while strong indications that the (4×4) and the the coverage for the (ǰ3×ǰ3)R30°surface is (ǰ3×ǰ3)R30°reconstructions induced by Ag 1 ML. The comparison of Fig. 2 with Fig. 5 reveals on Ge(111) are related [9] . The structure for an easy path of transformation from the (4×4) the Ge(111)-(ǰ3×ǰ3)R30°-Ag surface, the structure to the (ǰ3×ǰ3)R30°surface upon the honeycomb-chained-trimer structure [2] [3] [4] , is addition of 5/8 ML of Ag [or 10 Ag atoms per illustrated in Fig. 5 . It consists of an array of Ge (4×4) unit cell ]. All that is required in each unit trimers, with each trimer surrounded by six Ag cell is the removal of three Ge atoms and the addition of the ten Ag atoms. The six Ag atoms atoms. Consequently, Weitering and Carpinelli fragment of the Ge ring in the (4×4) structure which has a similar local geometry to the basic (3×1) structure. If we assume that a double bond forms at the location shown in Fig. 6 , then we eliminate all of the dangling bonds on the nine Ge atoms making up the ring, and we can qualitatively understand the stability of this unique surface structure.
The partially occupied Ag site included in our final model suggests two possibilities. First, the Ge(111)-(4×4)-Ag surface phase may actually be a surface solution stable over a range of Ag coverages at room temperature, as has been reported for the Si(111)-(ǰ3×ǰ3)R30°-Au phase [28] . As seen in Fig. 4 , the six positions per unit cell for the partially occupied site can be grouped into three pairs. The two positions in a pair are too close to both be occupied at the same time, so the maximum possible occupancy is 0.5, which would give an upper coverage boundary for the (4×4) phase of 0.5625 ML. The lower coverage to overcome an activation barrier, would phase separate into either (ǰ3×ǰ3)R30°plus (3×1) domains or into (ǰ3×ǰ3)R30°plus ''basic'' already in the (4×4) unit cell only need to be (4×4) domains without the partially occupied Ag slightly displaced, and apart from the removal of site. In either case, the basic Ge(111)-(4×4)-Ag the three Ge atoms, the bonds between the surface structure is that shown in Fig. 2 without the parlayer Ge and the first bulk double layer remain tially occupied site, and more studies including the intact.
effects of annealing on the reconstructions would One might also suspect that the (4×4) structure be required to determine a surface phase diagram is related to the (3×1) structure since the (3×1) for this system. structure occurs at only a slightly lower Ag coverThe random site occupancy disorder for the age (1/3 ML), and small domains of (3×1) have partially occupied site discussed above would give often been observed at the edges of (4×4) domains rise to a diffuse background in diffraction experi- [4, 8, 9] . In fact, based on recent first-principles ments. Transmission electron diffraction data from calculations [27] , a link can be drawn between the surfaces with regions of (4×4) mixed with regions Ge(111)-(3×1)-Ag surface and the nine member of (ǰ3×ǰ3)R30°indicate an additional type of Ge ring in the Ge(111)-(4×4)-Ag structure. The disorder giving rise to structured diffuse scattering. common feature is the formation of a Ge-Ge Fig. 7 shows two diffraction patterns: the first from double bond which has been suggested to be part a region that is predominantly covered by the of the (3×1) structure by Erwin and Weitering [27] . Fig. 6 illustrates this point by highlighting a (4×4) structure and the second from a region in Trimers of Ge atoms are found at the corners of structures [29] [30] [31] [32] [33] [34] . In the Au/Si(111) case the the (4×4) unit cell. Fractionally occupied Ag sites rings can be attributed to a rotationally disordered suggest either a solid surface solution or a possible yet evenly-spaced array of domain walls separating first step in the transformation from the (4×4) regions of local (ǰ3×ǰ3)R30°order. In the case structure to the (ǰ3×ǰ3)R30°structure as a of Ag/Ge(111) the situation may be similar with function of increasing Ag coverage. The structure evenly-spaced boundaries forming between the is in very good agreement with STM measurements (ǰ3×ǰ3)R30°and the (4×4) domains. [4, 8, 9, 14] and high resolution core level photoelectron spectroscopy [3] .
Conclusion
Appendix A
Minimum relative entropy/Kullback-Leibler distance
In our implementation of direct phasing methods for two-dimensional data, we use unitary structure factors [16 ] and an iterative algorithm which minimizes the relative entropy [17, 18] . While ''Maximum Entropy'' has been used in a crystallographic environment, we are not aware of the use of the relative entropy or Kullback-Leibler distance [35] [also known as cross entropy, information divergence and information for discrimination (see Ref. [36 ] for a much more detailed analysis)] so a little clarification is appropriate. Considering the standard definition of entropy or self-information (in real space r) as:
The relative entropy is the negative of the first term in Eq. (A3), and maximizing the conventional defined as: all reflections except k=0. This FOM is the pro-jection of the relative entropy onto the set of the structure factors, a loose optimization is used via the iteration [Eq. (A7)], with tight constraints measured reflections in reciprocal space.
To strengthen the algorithm further, we modify on the structure factors. The avoidance of any gradient search for entropy maximization both the unitary structure factors in reciprocal space by a ''window function'' W(k), using U∞(k) where: simplifies and increases the numerical speed.
U∞(k)=W(k)U(k)
The window function (in real space) is defined to be an eigensolution of the ''relative entropy sharpening operator'' Ô via the equation is a first-order iterative solution for zeros of the The method has strong similarities to crystallo- entropy and weak constraints on the moduli of
